Abstract. In this paper, we estimate the contribution of snowdrift sublimation (SU ds ) to the surface mass balance at Neumayer, located on the Ekström ice shelf in Eastern Antarctica. A single column version of the RACMO2-ANT model is used as a physical interpolation tool of high-quality radiosonde and surface measurements for a 15-yr period (1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007), and combined with a routine to calculate snowdrift sublimation and horizontal snow transport. The site is characterised by a relatively mild, wet and windy climate, so snowdrift is a common phenomenon. The modelled timing and frequency of snowdrift events compares well with observations. This is further illustrated by an additional simulation for Kohnen base, where the timing of snowdrift is realistic, although the modelled horizontal transport is overestimated. Snowdrift sublimation is mainly dependent on wind speed, but also on relative humidity and temperature. During high wind speeds, SU ds saturates and cools the air, limiting its own strength. We estimate that SU ds removes around 16%±8% of the accumulated snow from the surface. The total sublimation more than triples when snowdrift is considered, although snowdrift sublimation limits sublimation at the surface. SU ds shows a strong seasonal cycle, as well as large inter-annual variability. This variability can be related to the variability of the atmospheric conditions in the surface layer.
Introduction
The surface mass balance (SMB), together with the flow of ice, determines the net mass change of the Antarctic ice sheet and the corresponding sea-level change Rignot et al., 2008) . The specific SMB of a snow/ice surface (mm yr −1 , Van de Berg et al., 2006) can be written as the annual sum of precipitation (P), sublimation at the surface (SU), runoff (RU) and erosion (∇·TR ds ) and sublimation (SU ds ) of drifting snow: SMB = year (P − SU − RU − ∇ · TR ds − SU ds )dt
(1) Figure 1 shows that the modelled SMB varies strongly on the Antarctic continent. The high inland plateau is dry (SMB below 70 mm yr −1 ), whereas in the coastal regions the SMB is much larger, especially in the Antarctic Peninsula (Turner et al., 2002) . A considerable effort has been made to determine the accumulation (precipitation minus sublimation, P−SU) in Antarctica (e.g., Giovinetto et al., 1992; Van de Berg et al., 2006) . The contribution of SU ds to the SMB, however, is largely unknown because direct measurements are unavailable (Pomeroy and Essery, 1999) . Although assumed important on a local scale, earlier studies considered snowdrift sublimation to be a negligible term in the continent-wide surface mass budget (e.g., Turner et al., 1999) . Different modelling studies, however, demonstrated that sublimation due to snowdrift equals surface sublimation (King et al., 1996; Mann et al., 2000) or even exceeds surface sublimation at coastal and katabatic wind-controlled Antarctic sites (Bintanja, 2001a; Bintanja and Reijmer, 2001; Frezzotti et al., 10-50% of snowfall in the North American (seasonal) snowcovered regions (Pomeroy and Essery, 1999) , 5% in Greenland (Box et al., 2006) and around 15-20% in Antarctica (Bintanja, 1998) , although the latter may be overestimated.
The snowdrift layer can extend several hundreds of metres above the surface (Budd, 1966) and affects vertical profiles of wind, temperature and humidity in the atmospheric boundary layer (Déry et al., 1998; Bintanja, 2000) . Most regional climate models lack horizontal and vertical resolution to fully capture this process. This negatively affects the representation of the SMB by these models. Schlosser (1999) concluded that the limited agreement between her atmospheric model and observations on the accumulation rates at Neumayer ( Fig. 1 ) could be related to the absence of representation of the snowdrift physics in the model. Moreover, most models neglect the negative feedback between SU ds and the thermodynamic conditions of the atmosphere and the resulting self-limiting behaviour of SU ds (Bintanja, 2001b; Déry and Yau, 2002; Mann et al., 2000) . This may result in a significant error in the SU ds estimates (Déry et al., 1998) . The purpose of this paper is to estimate as realistically as possible the contribution of SU ds to the SMB at Neumayer station, which is situated on the Ekström ice shelf in coastal East Antarctica (Fig. 1 ). Neumayer has a relatively mild and windy climate with frequent snowfalls, and snowdrift is a common occurrence at this location. Assuming runoff due to melt and snowdrift erosion to be negligible, we can also provide an estimate of precipitation at Neumayer.
We use the updated single column version (SCM) of the coupled land-atmosphere ECMWF model. To simulate snowdrift sublimation at Neumayer, it contains the same physical parameterizations as RACMO2/ANT, which has proven to realistically simulate Antarctic climate conditions ( Van de Berg et al., 2005) . The model is driven by high-quality observations, ensuring that the interactions between SU ds and atmosphere and surface roughness are considered. The seasonal as well as the inter-annual variability of SU ds are discussed. Another simulation is performed for a station on the Antarctic plateau (Kohnen base, Fig. 1 ) to highlight the importance of the meteorological conditions on the snowdrift sublimation process at these different locations.
Methods

Snowdrift model
In order to calculate the horizontal transport of snow (TR ds ) in models and from observations, several authors have developed a simple relation between friction velocity u * and snowdrift flux, using a threshold wind speed for snowdrift (e.g., Mann et al., 2000; Déry and Yau, 2002) . Snowdrift sublimation, however, is usually not considered in atmospheric models. The physics of this process is complex because of the many interactions and feedbacks: snowdrift exerts friction on the flow and cools and moistens the surface layer, in turn limiting snowdrift and surface sublimation. Existing models that include SU ds are based on similar physical concepts (Xiao et al., 2000) . Due to the high vertical resolution and many snow grain size classes (≥50) required to resolve the size particle spectrum, these models are computationally very expensive. Therefore, Déry and Yau (1999) developed a simplified bulk version of one of these models. In this routine, a new variable, the mixing ratio of blowing snow q b (kg kg −1 ) is introduced, which is related to the spectral number density. Moreover, a prognostic equation for blowing snow particle numbers is defined in the model (Déry and Yau, 2001 ). In addition to q b , temperature and humidity are also calculated prognostically on a vertical grid (24 levels), to ensure conservation of heat and moisture in the snowdrift layer. The competing processes of turbulent diffusion, settling and sublimation influence the snowdrift variables, whereas only turbulent diffusion and sublimation affect the thermodynamic variables. Based on the simulated profiles of snowdrift, the model provides estimates of the column-integrated rates of horizontal snowdrift transport TR ds (kg m −1 s −1 ) and sublimation SU ds (mm d −1 water equivalent or we). Although the bulk method is simplified compared to the spectral method, tests indicated that the bulk model matches very well with its spectral variant, simulating similar thermodynamic tendencies and sublimation rates (Déry and Yau, 1999; Xiao et al., 2000) . In the SCM, the bulk snowdrift model is driven by near-surface temperature, relative humidity with respect to ice (RH i ), wind speed and surface pressure at each time step.
The snowdrift routine in the model is limited in the vertical dimension from 0.1 m to 100 m height. The snowdrift routine is activated when the friction velocity u * exceeds a threshold value u * ,t , here set to 0.3 m s −1 , and if the temperature is below freezing. u * ,t depends on snow surface characteristics. Snowdrift is suppressed when the surface snow is more consolidated. In this respect, the density of snow can be a suitable parameter to define the onset of snowdrift (Gallée et al., 2001) . Moreover, snowdrift increases the friction velocity, reducing near-surface wind speed (Bintanja and Reijmer, 2001 ). Because we force the model with observed wind speed, this effect is implicitly considered in this study. Moreover, fresh snow is accumulated frequently at Neumayer, implying that the consolidation of snow is limited and the surface snow density is rather constant with time. We, therefore, kept u * ,t constant.
Atmospheric and snow model
For this study, the single column version of the updated coupled land-atmosphere ECMWF model (cycle C23YR; White, 2001 ) is used and referred to as RACMO2/SCM. Physical parameterizations are adapted to realistically simulate the Antarctic climate conditions, similar to the RACMO2/ANT model ( Van de Berg et al., 2005) . Moreover, the model has been expanded with a snow model, calculating density, temperature and liquid water in the snow (Ettema et al., 2009) . A single grid cell ("column") is defined, in which only vertical exchange can occur between 60 vertical levels. Fourteen of these are situated in the lowest 2 km of the atmosphere, to obtain a realistic representation of the boundary layer. The lowest model level is located around 7 m above the surface. A time step of 15 min is used, which is sufficient to resolve the interactions between the surface conditions and SU ds .
For the purpose of this study, it is vital that the model represents the atmospheric conditions realistically, especially near the surface. Therefore, we created a continuous dataset of boundary conditions from available radiosondes and mast measurements of a period of 15 consecutive years (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) . In essence, this means that the SCM is used as a physical interpolator of the forcing data. These data are used directly by the SCM to calculate the prognostic variables at each model time step.
At Neumayer, radiosondes are released every 24 h, sometimes every 12 h. The vertical distance between two adjacent measurement points varies between 25 to 100 m throughout the profile, with a median value of around 40 m in the lower troposphere. Measured variables are temperature, relative humidity (converted to dew-point temperature), wind speed and direction and pressure. Relative humidity is measured with respect to water, which we have converted to relative humidity with respect to ice (RH i ) according to Hyland and Wexler (1984) and rescaled using a technique described by Anderson (1994) . We linearly interpolated the radiosonde data to a regular time grid of 12 h, which is used to force the SCM. Next, linear interpolation is also used to convert the observations to model levels. Because of occasional erroneous and incomplete radiosonde data near the surface, we replaced the near-surface radiosonde data by mast measurements of 2 m temperature, 2 m RH i and 10 m wind speed. This implies that the lowest two model levels (around 7 and 18 m) partly obtain values which are linearly interpolated between the mast measurement and the first atmospheric measurement of the radiosonde (±40 m). Wind speed at the lowest level is equal to the 10 m wind times 0.76, so that the resulting annual mean 10 m wind speed in the model equals the mean observed 10 m wind speed. As a final step, the RH i values are converted to specific humidity. This is done in the final stage, because the calculation of snowdrift sublimation is directly dependent on the RH input; interpolating specific instead of relative humidity would decrease the accuracy of the RH input values. Apart from the vertical profiles, land surface parameters are adapted in order to simulate surface characteristics at Neumayer (Table 1 ). The albedo is assumed to be constant in time (0.85) to ensure a realistic shortwave energy balance. The roughness length for momentum is set to 0.25 mm (typical for ice shelf surfaces during strong snowdrift, see König, 1985) , while the roughness length for heat is calculated using the scalar roughness length formulation given by Andreas (1987) . Including a dependency of roughness length to friction velocity (following Bintanja and Reijmer, 2001 ) did not significantly change the results. For a 1-year simulation (1997) the average z 0 value increased from 0.25 mm to 0.34 mm and the snowdrift sublimation decreased by 2 mm, which is only 1.5% of the original value. Surface pressure is available from mast measurements.
The measurement site (Kohnen, 75 • S-0 • W) is located on the Antarctic Plateau at a height of 2893 m above sea level (Fig. 1) . The location is characterised by low temperatures and little precipitation. For Kohnen, the data is collected in an identical manner and the above adaptations of the landsurface parameters are used.
Implementation
In practice, snow particles suspended in the flow will exhibit mass loss due to sublimation, thereby adding moisture to and extracting heat from the surrounding air. The snowdrift routine is implemented in the turbulent diffusion scheme of RACMO2/SCM (Fig. 2) , which solves the energy balance between the surface and the lowest model level (around 7 m height). In reality, of course, the exchange of energy occurs above the snowdrift layer. Déry and Yau (1999) show that SU ds strength decays exponentially with height, so the largest amounts of SU ds occur in the lowest metres above the surface. In case of a modelled friction velocity exceeding a certain threshold value (see above), the snowdrift scheme is activated (left panel).
Firstly, the necessary prognostic variables from RACMO2/SCM (RH, T , U ) at the lowest model level are supplied to the snowdrift routine. Secondly, the resulting integrated sublimation rate is converted to the latent heat flux, which is then prescribed in the turbulent diffusion scheme. The sensible heat flux formulation remains unchanged. Finally, the turbulent diffusion scheme converges towards a solution for the surface temperature given this forcing. In reality, sublimation cools the surface of the snow particles, setting up a temperature gradient between the snow particles and the air. This in turn sets up a sensible heat ux from the air to the snow particles, cooling the air and keeping the snow particles in approximate thermal equilibrium with their surroundings. In the model, this cooling effect of snowdrift sublimation is simulated as follows: the heat needed for snowdrift sublimation is prescribed to be extracted from the model snow surface. As a result, the skin temperature in the model decreases, the temperature gradient between the air and the surface increases, enhancing the downward sensible heat ux, heating the surface and cooling the near-surface air. Surface temperature and humidity will thus adapt to the release of latent energy related to SU ds . The additional moisture will also be brought into the boundary layer by turbulent mixing. This feedback is implicitly included in this experiment, because atmospheric conditions are prescribed to the model. These observations and, thus, the model, implicitly incorporate these cooling and saturating effects. The model should be regarded as a physical interpolation tool in time and height and to calculate surface energy exchange that is consistent with the conditions in the atmospheric boundary layer and in the snowpack.
We performed a simulation with (referred to as DRIFT) and without (hereafter NODRIFT) using the snowdrift routine.
Meteorological conditions at Neumayer
Neumayer is situated near the East Antarctic coast on the Ekström Ice Shelf. This site is situated close to the circumpolar trough of low pressure, the climatological expression of synoptic disturbances moving eastward around Antarctica. Neumayer is situated south of this trough and experiences low surface pressure values and relatively strong easterly winds. Figure 3 shows the profiles of temperature, specific humidity and wind speed which are used as input for RACMO2/SCM at Neumayer. We focus on one particular year (1997), as its anomaly of the near-surface observations with the respect to the mean is small, to show the typical intra-annual variability. The largest seasonal cycle is found in the lower atmosphere. The 2 m temperature is around 270 K in summer and around 240 K in winter; the annual mean equals 257 K. Specific humidity values of 3 g kg −1 can be found frequently in summer throughout the boundary layer, whereas in winter values are an order of magnitude lower. Zonal wind speed is larger in winter, with frequent strong easterly winds (more than 20 m s −1 ) in the lowest 2 km connected with storm systems moving eastward. The meridional wind is significantly weaker. Relative humidity near the surface is lower in summer than in winter. In wintertime, the surface layer is mostly near or at saturation, connected with high winds, generating snowdrift and low temperatures. The annual mean 2 m RH i is 91%. More details on the climate of Neumayer can be found in König-Langlo et al. (1998) and König-Langlo and Loose (2007) . Figure 4 shows the modelled mean summer, winter and annual vertical profiles of the above variables for the lowermost 5 km of the atmosphere. The strong stable stratification of the lower atmosphere is clearly visible in the potential temperature profiles. The potential temperature at the surface Fig. 3 . Time-height sections of temperature (T ), specific humidity (q) and wind speed components (U and V ) from available radiosonde data and mast measurements at Neumayer, year 1997. The height coordinates are shown according to the vertical resolution in the model, i.e. higher resolution towards the surface. The lowest plot shows the time evolution of RH i at the lowest model level (7 m) and the friction velocity u * , together with u * ,t (horizontal line).
is about 6 K lower than at 200 m height, while RH i is about 20% higher. Zonal flow dominates; the meridional flow is restricted to the lower atmosphere and is strongly reduced near the surface due to friction. This plot also confirms that winter wind speeds are significantly larger than in summer, especially the zonal component, by about 2 m s −1 . The wind speed maximum in U is caused by thermal wind effects, forcing near-surface easterlies to change in upper-atmosphere westerlies. Neumayer is situated in a region with strong horizontal meridional temperature gradients, which explains the strong east-to-west turning of the zonal flow ( Van den Broeke et al., 2002b , 2003 . Figure 5 gives the seasonal cycle of the modelled mean energy balance components using observations, without snowdrift allowed (Van den Broeke et al., 2010) . The annual mean net shortwave energy flux is positive (19 W m −2 ), whereas the longwave energy balance is strongly negative (−30 W m −2 ). The sum of the radiative fluxes is clearly negative in winter, due to the absence of incoming solar radiation and only positive from November to January. The shortage of solar energy is compensated by a positive sensible heat flux in winter (13 W m −2 annual mean). The latent heat flux is slightly positive in winter and negative in summer due to sublimation. The annual mean LHF is −2 W m −2 . The ground heat flux is small and positive in winter and negative in summer. Melt occurs only in December and January and is small compared to the other surface fluxes.
Snowdrift climate
Effects of interpolation
Snowdrift sublimation is greatly influenced by the nearsurface atmospheric conditions (Déry and Yau, 2002) . The model is forced by observations every 12 h. To examine the effects of temporal and spatial interpolation on the conditions near the surface, key modelled and observed variables are shown in Fig. 6 , again for the year 1997. The interpolated near-surface temperature, wind and relative humidity match well with hourly observations. The input at the lowest levels comes from hourly mast measurements, and the surface energy balance is calculated in the model, which ensures that the daily cycle is well represented. Small scatter is seen in temperature (R 2 =0.94) but is somewhat larger in wind (R 2 =0.87) and relative humidity (R 2 =0.88). Model wind and RH depart from observations in some cases, because observed rapid fluctuations within 12 h are not captured by the model. In general, however, model wind speed compares very well with observations and the model simulates a similar timing and frequency of the snowdrift events www.the-cryosphere.net/4/179/2010/ The Cryosphere, 4, 179-190, 2010 ( Fig. 7b) . Snowdrift occurs around 40% of the time in the model, which is a slight overestimation compared to the 3-h observations (33%). These snowdrift observations are "synops", i.e. measurements performed at Neumayer according to WMO standards (König-Langlo and Loose, 2007) . Despite the good agreement between interpolated model values and observations, it is important to check whether the outliers in wind and relative humidity would greatly affect the simulated SU ds . To examine this, we forced a simple parameterization for SU ds , derived by Déry and Yau (2001) , with hourly observations and with hourly model variables (Fig. 7a) . This parameterization is defined as an empirically derived function of near-surface temperature, RH i and wind speed (Déry and Yau, 2001 ). The agreement is good, yielding a cumulative amount of around 90 mm in the year 1997 (Fig. 7a) . This confirms that the effect of the spatial and temporal interpolation is small. Note that this simple parameterization overestimates SU ds by around 25% compared to the bulk snowdrift model used in this study.
The surface energy balance is altered by snowdrift sublimation, because latent heat is extracted from the air in the surface layer (Fig. 7b) . During events of snowdrift, the magnitude of the latent heat flux becomes as large as 90 W m −2 , while surface sublimation ceases. When snowdrift occurs (see markers), the latent heat release due to snowdrift sublimation (green line) is mostly larger than the latent heat loss connected to surface sublimation (red line). This suggests that SU ds takes over the surface sublimation during high wind speeds. This latent heat release cools the surface. In order to maintain the energy balance at the surface, the sensible heat flux increases during snowdrift events (Fig. 7c ).
Horizontal snowdrift transport
Apart from SU ds , snowdrift also constitutes the horizontal transport of drifting snow, which leads to local movement of snow from wind-exposed locations towards sheltered regions (Fig. 7d) . Transport divergence represents a net mass loss at the surface (∇· TR ds ). It may be highly significant at the local scale, but its contribution to the regional SMB has been assumed to be two or three orders of magnitude smaller than SU ds (Déry and Yau, 2002) .
For the purpose of additional validation of the model, modelled horizontal snow transport fluxes were compared with observations from particle impact sensors (Van den Broeke et al., 2002a) during the ENABLE campaign in January and February 2002 at Kohnen base (Van As et al., 2006) . The observed 10 m wind speed reached 16 m s −1 around 12 January before decreasing rapidly towards values between 3 and 12 m s −1 between 13 and 20 January. After this period, winds did not exceed 8 m s −1 . The average 2 m temperature during the campaign was 244.7 K and the average 10 m wind speed 5.3 m s −1 . During the measurement campaign, three snowdrift events were observed (Fig. 8) . The first, strongest event yielded a horizontal transport flux of 0.07 kg m −1 s −1 . The model overestimates the horizontal flux by a factor of two to three, but agrees on the timing of the event. The second (DOY 16) and third (DOY 20) events are not detected by the model, but their intensity is observed to be very small. This overestimation of TR ds was also seen in Xiao et al. (2000) , where PIEKTUK-D calculated higher transport rates compared to other models in idealized experiments. Yang and Yau (2008) compared modelled and measured particle spectra at Byrd station, and showed that the overall pattern of the distribution is well represented, but that there are discrepancies between model and measurements. Another possible reason for the overestimated transport is the assumption of a logarithmic vertical profile of wind speed, which could result in too high modelled transport rates in very stable near-surface conditions. The modelled amount of net SU and SU ds is negligible during this event, because the relative humidity was 100% (Fig. 8) .
At Neumayer, horizontal transport can reach 1.6 kg m −1 s −1 during strong snowdrift events (Fig. 7d) , which is 10 times larger than the modelled transport flux at the ENABLE site. Stronger winds, higher temperatures and more frequent snowfall cause SU ds to be much more significant in coastal Antarctica compared to the inland plateau. Although strong wind events do occur on the plateau (Van As et al., 2007) , they are less severe and less frequent than the ones near the coast (Turner et al., 2009 ). Figure 9 presents the mean (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) seasonal cycle and its inter-annual variability, based on monthly means of SU ds , TR ds , snowdrift frequency and of 2 m temperature, summer. SU ds variations can be correlated with variations in the other near-surface variables. Wind speed is characterised by a strong seasonal cycle. Monthly mean 10 m wind speed varies between 7 m s −1 in January and more than 11 m s −1 in August. The correlation between the seasonal (R 2 =0.88) as well as the inter-annual variability (R 2 =0.72) of wind speed and SU ds is strong. However, a part of the variability is not explained by wind speed. For example, the amount of SU ds is larger in autumn (April and May) and in spring (November) than in winter (July and August), although the wind speed is clearly higher in winter. The explanation is that the relative humidity near the surface also shows a significant seasonal variability, with values ranging from 87% in summer to 96% in winter. This reduces the capacity of the air to take up moisture and consequently weakens SU ds in winter. So wind speed, relative humidity and temperature all play an important role in determining SU ds . The horizontal transport is mostly related to wind speed variability (R 2 =0.99). Figure 10 shows the annual means of the key variables for the 10 yr simulation (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) for Neumayer. Due to the high mean wind speed, snowdrift is a frequent phenomenon at Neumayer. The frequency of snowdrift varies between 33% (2004) and 49% (1995) and is proportionally related (R 2 =0.92) to the annual mean 10 m wind speed. The mean annual amount of snowdrift sublimation is 80 mm. The annual cumulative amount of SU ds varies between 50 mm (1998) and 127 mm (1995) and has a standard deviation of 24 mm. Due to the strong nonlinear nature of the snowdrift phenomenon, there is no significant correlation between annual mean values of cumulative SU ds and 2 m temperature, 10 m wind speed or 7 m RH i .
Seasonal cycle
Inter-annual variability
Sublimation at the surface (SU) is reduced significantly when SU ds is strong due to the moistening of the surface layer . To analyze the feedback between SU and SU ds , we compare the model simulations with and without snowdrift physics implemented. In the NODRIFT simulation, the cumulative net surface sublimation, defined as the sum of deposition and sublimation, varies between 7 mm (2002) and 56 mm (2007) . The 15-yr annual mean surface sublimation equals 28 mm. In the model simulation including snowdrift net SU decreases to 14 mm which means a reduction of 50% compared to the NODRIFT simulation. In the DRIFT simulation, surface sublimation only occurs during 7% of the time, whereas when no snowdrift is allowed, it occurs around 50% of the time.
Annual snow accumulation amounts to 425 mm in Neumayer (Schlosser and van Lipzig, 2002) , which suggests that SU ds removes on average 16% of the precipitated snow at the surface, which is very significant. Total sublimation more than triples (94 versus 28 mm yr −1 ) compared to the situation without snowdrift. Melt is a minor contribution to the SMB at Neumayer, because temperatures rarely reach the melting point. Snowdrift erosion is assumed to be small (Déry and Yau, 2002) . Therefore, we can estimate the annual precipitation amount at Neumayer by adding the total sublimation to the mean accumulation provided by Schlosser and van Lipzig (2002) . The 15-year mean precipitation amount is then estimated to be 519 mm yr −1 .
Self-limiting behaviour
SU ds cools and moistens the near-surface air. When the air approaches saturation during winter due to high sublimation rates and low temperatures, the snowdrift sublimation process ceases. As demonstrated by Déry et al. (1998) , neglecting this feedback could result in a substantial overestimation of SU ds , especially during high wind speeds. In this study, the interactions are incorporated implicitly in our model, as we use near-surface observations to force the model. To investigate this further, Fig. 11 shows a strong snowdrift event at the end of February 1997, when u * ,t is exceeded and SU ds starts during DOY 55. Wind speed increases gradually to 20 m s −1 , yielding a maximum latent heat release due to snowdrift sublimation of around 70 W m −2 on DOY 56. But, due to SU ds , relative humidity also increases during DOY 55, reaching 97% on DOY 56. The high RH i reduces the additional SU ds during DOY 57 and 58, although the wind speed remains large enough for snowdrift. At the same time, the skin temperature decreases due to SU ds , increasing the sensible heat flux. This example illustrates that the feedback between the thermodynamic conditions near the surface and the snowdrift sublimation process is well captured by the model. 
Sensitivity to measurement errors
The uncertainty in the measurements of the near-surface variables results in uncertainties in the modelled snowdrift sublimation amounts. To estimate these uncertainties, we have introduced systematic errors in these variables. Results from these experiments are given in Table 2 . SU ds is mainly sensitive to errors in relative humidity and temperature. These variables change the specific humidity content of the snowdrift layer, which is used for the calculation of SU ds . These results also indicate that the magnitude of change in SU ds is different for a positive or negative error, which illustrates the nonlinear behaviour of this process. Errors in u * ,t and wind speed yield still a significant, but smaller, effect on SU ds .
Conclusions
The snowdrift sublimation process depends on near-surface wind speed, temperature and relative humidity. In Antarctica, the latter is generally lower at higher temperatures. SU ds shows a clear annual cycle, and is stronger in winter than in summer, which is mainly related to the annual cycle in wind speed.
In this study, we estimated that snowdrift sublimation removes around 16%±8% of the precipitated snow at the surface at Neumayer, which is equivalent to around 80 mm yr −1 . This means that SU ds cannot be neglected in the SMB of Antarctica, especially in locations with a relatively windy, wet and mild climate. The interannual variability is significant, but the annual cumulative SU ds cannot be related to annual mean climate variables, due to the nonlinear nature of the snowdrift process. Direct observations of SU ds are not available, because no reliable method to measure snowdrift sublimation exist to date. In view of the demonstrated sensitivity of the results to near-surface data, future field campaigns should greatly improve snowdrift sublimation estimates. Additionally, direct validation data are needed, such as impact particle and sublimation sensors as well as optical particle counters to improve model estimates of snowdrift transport and sublimation. For additional evaluation, we compared observed and modelled horizontal transport fluxes at Kohnen on the Antarctic Plateau. Modelled fluxes are smaller than the observed fluxes, but the timing is good, which gives some confidence in a realistic representation of the snowdrift variables by the model. The technique presented in this paper is not only applicable to regions where radiosonde measurements are available: the input for the snowdrift routine can also come from a 3-D meteorological model or reanalysis data, although this will introduce an additional uncertainty and does not allow feedbacks into the model. In the future, high-resolution 3-D modelling of the surface mass balance of the Antarctic ice sheet including snowdrift will lead to more detailed information about the spatial variation of SU ds in Antarctica. Direct feedback between snowdrift sublimation and the atmosphere will be considered. Further work will also include a dynamic surface snow density evolution to explicitly calculate the feedback between snowdrift and the surface snow structure. However, this will only be useful when more detailed observations of surface snow density and u * ,t become available. Based on the results presented here, we expect that snowdrift sublimation is a significant component of the SMB in the coastal regions of the Antarctic ice sheet.
